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Abstract—We investigate the validity of the Gaussian channel
model for converged metro-access optical networks, focusing on
scenarios where dual-polarization coherent transmission extends
across both metro and access segments. We demonstrate that,
when appropriately defined, the model remains valid and is
effectively characterized by amplified spontaneous emission noise
from amplifiers and nonlinear interference from fiber prop-
agation. However, in the context of single-fiber bidirectional
propagation typically employed in access segments, additional
impairments due to crosstalk and reflections must be considered
as a distinct noise source. Furthermore, quality-of-transmission
penalties arising from filtering and polarization-dependent loss
can significantly impact performance and must be accounted for.
To accurately capture the end-to-end system behavior, a realistic
transceiver (TRX) model is essential, particularly to reflect the
interplay between channel and TRX noise as a function of the
received power—which may be low due to the passive nature
of the access segment. Our results confirm that, with these
considerations, the Gaussian channel model provides a robust and
insightful framework for performance evaluation in converged
optical networks.

Index Terms—APN, ONaa$S, 6G, DCX, Digital Twin

I. INTRODUCTION

With the evolution toward All-Photonic Networks (APNs)—
enabled by the transparent convergence of metro-access op-
tical networks (CMAONSs) through the removal of opaque
interfaces—Optical Network-as-a-Service (ONaaS) is emerg-
ing as the most energy-efficient, high-capacity solution to sup-
port dynamic end-to-end data center exchanges (DCX), driven
by AI and the massive traffic demands of O-RAN and 6G
x-hauling. A key enabler for achieving optimized, low-energy,
virtualized, and sliced network control is the development of
an accurate physical-layer digital twin encompassing modeling
of all relevant physical effects.

In this work, we introduce how the Gaussian channel model
[1], extensively validated in core [2] and metro [3] network
scenarios, can be effectively extended to CMAON scenarios,
provided that specific effects are properly accounted for. These
include the additional interference arising from reflections in
access network segments exploiting bidirectional propagation,
a transceiver (TRX) model that incorporates both the signal-
to-noise ratio (SNR) and the received optical power (ROP),
and the SNR penalties induced by filtering and polarization-
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Fig. 1: Converged metro-access optical network architecture.

dependent loss (PDL) mainly introduced by crossed reconfig-
urable optical add/drop multiplexers (ROADMs).

II. THE CONVERGED METRO-ACCESS SCENARIO

Access optical networks are progressively evolving into
a pervasive infrastructure that enables high-capacity Internet
access for the majority of the population, based on Passive
Optical Network (PON) standards [4]. These standards are
designed for minimal spectral usage, typically relying on
a passive optical tree architecture kept optically separated
from other network segments. Such an infrastructure can
be upgraded to transparently support Wavelength Division
Multiplexing (WDM) traffic and be seamlessly integrated
with metro networks through the introduction of a circulator
(Fig. 1). This enables the transition from the conventional
bidirectional fiber pair characteristic of metro networks to
the single-fiber bidirectional infrastructure used in access
networks. Without requiring additional capital expenditure
(CAPEX) investments, the CMAON (see Fig. 1) can be
exploited as a service for multiple use cases. For example,
6G x-hauling can leverage this infrastructure to connect radio
units (RUs) to distributed units (DUs) and centralized units
(CUs) within a metro network footprint [S]. Moreover, the
CMAON can be effectively utilized for data center exchange
(DCX) scenarios, enabling the interconnection of centralized
and distributed data centers. This supports the progressive
cloudification of services that demand high-capacity, low-
latency data exchange, increasingly driven by Al applications.
Such “as-a-service” use of the CMAON requires an accurate
digital twin of the infrastructure, operated by an overarching
metro-access controller, to ensure maximum capacity and
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Fig. 2: Experimental characterization of transceiver.
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Fig. 3: Experimental validation of filtering penalty model
based on realistic Fractionally Spaced Equalizer for three
different ROPs.

minimum latency traffic deployment. At its core, the DT
must include an accurate transmission model supported by
appropriate interfaces, forming a time-varying digital shadow
of the physical network.

III. TRANSCEIVER MODEL

A critical impairment in optical communication lines is
caused by electrical noise introduced by transceivers. For
every lightpath it is possible to consider an SNR contri-
bution SNRizy = SNRpy + SNRyy that depends jointly
on the performances of the transmitter and the ones of the
receiver. However, for practical use cases, it is possible to
assume the former to be constant and negligible in respect
to the latter, which in turn is strongly dependent on the
received power value. For this reason, a characterization can
be performed in a back-to-back (B2B) configuration using a
Variable Optical Attenuator (VOA) to test the transceiver’s
performances at different power levels [6]. To obtain the
SNRtrx from experimental BER measurements, the equation
BER = k; - erfc (\/kg ~SNR) is inverted, considering the
transceiver as the only noise source, and k; and ks depending
on the modulation format [7].

The obtained characterization can then be used to compute
the SNRrgrx at every received power, and can be used in
conjunction with the SNR of the line to accurately predict
network performance [8]. The transceiver effect is especially
relevant in CMAONs where the received power can reach very
low values due to the presence of several passive components
in the access segments.

IV. THE GAUSSIAN CHANNEL MODEL

In this section, we discuss how the Gaussian channel
model—where the decision signal after equalization is affected
by additive Gaussian noise—can be effectively extended to
CMAON scenarios using dual-polarization coherent TRXs. All
noise sources must be properly accounted for to accurately
define the signal-to-noise ratio (SNR) required by the TRX
model, along with the ROP assessment. Additionally, the
penalties introduced by ROADMs, including filtering and
polarization-dependent loss (PDL), must be considered, as
they collectively define the overall Gaussian channel penalties.

A. Noise Sources

In CMAON scenarios, beyond the noise generated by
amplifiers—namely, amplified spontaneous emission (ASE)
noise—and the nonlinear interference (NLI) introduced by
WDM fiber propagation [9], which define the SNRasg
and SNRyr1, additional noise sources must be considered.
These include crosstalk from ROADMs—both from side
channels and residual dropped channels, contributing to the
SNRxT—as well as interference from reflections caused by
bidirectional transmission, which define the SNRg;p; when the
same wavelength is used for both upstream and downstream
traffic [10]. Reflections can originate from lumped sources
(such as form connectors, splices, splitters, and circulators) or
from distributed Rayleigh scattering. Since these interferences
arise from linear crosstalk mechanisms, they can be modeled
as Gaussian random processes. Furthermore, while access
segments do not introduce significant additional noise beyond
reflections, it is crucial to account for the substantial signal
loss, as this directly affects the impact of TRX noise, as
described in Section III.

B. Filtering Penalty

A notable impairment in optical links is due to the presence
of optical filters, which alter the shape of signals passing
through them. In practical scenarios, this effect is introduced
by wavelength selective switches (WSS) incorporated into
ROADMs that implement optical filters to route the lightpaths
in the optical domain.

When a signal is filtered, its shape is distorted, and thus
it must be reconstructed by an equalizer, that is typically im-
plemented digitally inside the receiver. However, in presence
of noise sources located after the filters, when the equalizer
tries to recover the channel response, it causes an unwanted
distortion of the noise, which becomes enhanced. Additionally,
supposing the noise sources to be white, they also become
colored, and this effects must be taken into account while
predicting the overall network performances.

The most general condition is obtained by considering a
cascade of filtering elements and noise sources, which is
typical of metro and access networks, characterized by a
sequence of ROADMs and amplifiers, possibly with single
sided filtering [11] or frequency shifts [12].

A study of the different contributions considered indepen-
dently highlights the importance of the position of the noise



sources along the line: in particular, a noise located closer to
the receiver impacts more the overall performances because
it is the one characterized by the most different filtering
condition with respect to the transmitted signal, and so it
is also the one to which the largest distortion is applied by
the equalizer. In particular, since the noise introduced by the
receiver is always the last contribution in the line, it becomes
relevant to properly and accurately characterize the transceiver
performances as presented in Section III.

A practical example is presented in Figure 3: four noise
sources are arranged in sequence, with three filters in between
them. The noise sources can be controlled in order to provide
the same SNRsg contributions, and the filters are configured
with the same bandwidth and the same central frequency as
the channel under test. As it is possible to observe, even
when the filters are not very tight (37.5 GHz on a 31.6
GBaud signal), the introduced penalty is not negligible, and
the experimental data points show a reduction in the () factor
with respect to the condition in absence of filters. The () factor
is computed according to @ = /2 - erfcinv(2 - BER), possibly
converted in logarithmic scale as Q2; = 10 - log;((Q?).
However, this effect can be accurately predicted by considering
the equalizer model: several models can be used, with the
Fractionally Spaced Equalizer being the most realistic one in
respect to the real transceiver implementations [13]. As it is
possible to see in Figure 3, even assuming infinite taps, FSE
is able to provide a very good prediction of the experimental
data. Alternatively, [14] shows a different model based on
the Zero Forcing Equalizer (ZFE) in which every filtering
penalty contribution depends only on the shape and position
of the filters. This approximation introduces a small additional
penalty while always keeping the prediction conservative, but
the fact that the model is independent on the SNR values
along the line allows to obtain a fully disaggregated model,
which is a notable advantage when implementing a network
digital twin, as shown in Section V. In all the considered
cases, the dependence on the ROP is fully accounted for in
the transceiver model.

C. PDL penalty

In addition to filtering penalty, the WSSs leveraged by
ROADMs are responsible for introducing PDL. Being time,
frequency [15] and port [16] dependent, PDL impacts on sys-
tem performance causing SNR fluctuations over time. Metro-
access optical networks are characterized by the presence
of many cascaded ROADMs, with distributed ASE noise
injection due to optical amplification. Moreover, metro-access
networks are exposed to temperature cycles, and mechanical
stresses due to traffic vibrations, which cause random polar-
ization rotations. Such scenario makes the PDL penalty on
SNR significant, and randomly varying over time. We focus
on the penalty on SNRagE, since similar considerations can
be applied to the other noise sources listed in Sec. IV-A.

As what happens for filtering penalty, PDL-induced
SNRagsk distributions depend on the reciprocal position of
PDL and ASE noise injection along the optical link [17]. This
happens because PDL occurs on signal and noise depending
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on the number of crossed WSSs, therefore noise experience a
different amount of PDL compared to the transmitted signal.
Such phenomena is exemplified in Fig. 4b, where the SNR ssg
distributions (for both the main polarization relatives) have
been experimentally obtained from the setup in Fig. 4a. ASE
noise has been injected according to three possibilities: all
at transmitter side (ASE TX), all at receiver side (ASE
RX) and distributed along the line in order to have same
SNRasgk in each ASE injection point (ASE DISTR). A key
observation is that the distributions are wider when ASE noise
is concentrated at receiver side. This leads to a deterioration in
performance, as extreme below-average SNRasg realizations
are more likely to occur. Regarding the bell shape of the dis-
tributions depicted in Fig. 4b, it is possible to characterize the
PDL-induced SNRsgg distribution by a truncated Gaussian
distribution. This choice is in accordance to both theory [18],
[19] and experiments [15], [17].

In order to account for PDL penalty in the transmission
model, performing system margin assessment, there is the need
to express the standard deviation of PDL-induced SNRasg
distribution in disaggregated and closed form. Knowing the
standard deviation of the truncated Gaussian distribution, it
is possible to compute a margin based on the desired out of
service probability as in [15]. In [20], the following formula
is proposed:
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Where p is the nominal SNRgg considering no PDL in the
system, ng is the number of PDL elements along the link, NNV;
is the ASE noise power of the source at position %, o,; and
Its,; are the standard deviation and the average of the signal
power at position ¢, where ¢ = 1,...,n,. 0s; and u,; are
directly influenced by the PDL value of each WSS.

The margin on the SNRAgg computed after determining the
standard deviation of the SNR agg distribution gives a statisti-
cal penalty assessment of SNR sy degradation. Such penalty
quantifies how much PDL impacts on the system performance,
and it can be represented by an opportune coefficient, as
mentioned in previous section on filtering penalty. Then, the
interplay of PDL and filtering effect can be summarized by
opportune coefficients, as it will be clarified in next section.

V. THE DIGITAL TWIN FOR METRO-ACCESS SCENARIOS

In these scenarios, the digital twin must reliably evaluate
three key metrics: the light latency, given by AT = 1.5/¢ Lpop
[s]; the ROP, ROP = Proapm — Laccess [dB]; and the overall
signal-to-noise ratio (SNR), used in the TRX model to estimate
the bit error rate (BER) and consequently enable path feasi-
bility computation. The first two metrics can be accurately
evaluated using only the path propagation length L, the
ROADM output power Proapm, and the access 10sS Liccess-
In contrast, computing the SNR requires an accurate digital
shadow of the overall infrastructure, as it is generally given
by the following expression:

SNR-1— kASE kNLI kxT kBiDi kTRX .

SNRase SNRnni SNRxt SNRpipi SNRTrx
The computation of each SNR term requires precise models
of all network elements traversed by the path under test,
including fibers, as well as information on the spectral load,
WDM configuration, and channel spectra. The coefficients &
account for the filtering effects along the path. The BiDi and
TRX noise components are added after all filtering stages. The
filtering impact on the X7 and NLI terms is not yet fully
understood; thus, a conservative approach assumes that also
these two noise sources are added after all filtering stages,
experimenting the highest possible penalty. Conversely, the
filtering effect on the dominant noise source—ASE noise—has
been theoretically clarified in [13], and a precise assessment is
feasible, provided the exact locations of noise generation and
filtering are known. Another crucial factor to consider is that &
must be considered as statistical values due to the PDL effect
depicted in Section IV-C. Since filtering effect is deterministic,
the expected value of each k is the result of the interplay of
filtering penalty and PDL, while its pdf is PDL-dependent.
This lead to the possibility of determining the system margin
on the SNR statistic, as represented in Fig. 5.

In summary, a digital twin based on the Gaussian channel
model can be developed for CMAON scenarios. A reliable
digital shadow of the network is essential for enhancing the
digital twin’s accuracy, thereby enabling the maximization of

deployed capacity and the minimization of energy consump-
tion, expressed in Joule/bit.

VI. CONCLUSION

We have addressed the problem of channel modeling in
converged metro-access scenarios, showing that the Gaus-
sian channel assumption holds provided that additional noise
sources, such as reflections, are considered alongside the
crucial parameter of ROP. This modeling approach enables
the development of an accurate digital twin, as long as precise
knowledge of the infrastructure is available. Furthermore, we
have highlighted how the QoT acquires a statistical nature,
primarily due to PDL. Therefore, it is essential to have an
accurate understanding of the network to deploy appropriate
margins based on the maximum allowed outage probability.
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